Abstract-The performance of a 127 element phased array laser system is simulated for the case of an extended target in the presence of strong atmospheric turbulence. The phases of the individual sub-apertures of a phased array laser system can be controlled to compensate for the beam quality degradation caused by atmospheric turbulence. This is done by setting the phases of the sub-apertures to the conjugate of the phase received from a beacon located at the target. As the level of turbulence increases, the ability of an adaptive optics system to correct for turbulence decreases; the quality of this compensation decreases due to increases in both scintillation and fitting error. In the case where the laser system itself is used to create the beacon on an extended target, the quality of the beacon produced is also degraded by this atmospheric turbulence and this further impacts the quality of the compensation. This study simulates a 10 km tactical engagement to quantify the performance impacts due to turbulence, and the portion of this impact due to the inability of the system to form a perfect beacon in these conditions. Performance is measured by both Strehl ratio and power delivered within a near diffraction limited circle. Results are presented comparing uncompensated, compensated with a perfect beacon, and compensated with simulated beacon cases as the level of turbulence increases.
INTRODUCTION
The ability of a phased laser array to compensate for atmospheric turbulence based upon backscatter from a rough extended target is demonstrated with simulations. Cases demonstrated include uncompensated propagation, beacon compensated propagation, and self-created beacon compensated propagation. A 127 element laser array with u.s. Government work not protected by U.S. copyright The concept of using laser arrays for directed energy (DE) applications is enjoying some currency thanks to advances in electric laser technology in general and fiber laser technology in particular. Fiber laser phased array systems offer potential advantages in size, weight, efficiency, and scalability over more conventional designs, plus the promise of new capabilities and features such as electronic beam steering, distributed apertures, conformal apertures, and graceful degradation. [1, 2, 3, 4] The next sections lay out the simulation in detail, present example cases, and conclude with a discussion of the results obtained. The methodology section details the hypothetical physical parameters of the array simulated, the mapping of these parameters into the simulation space, and the construction and operation of the components of the simulation. The results section details examples of compensated and uncompensated propagations. The paper concludes with a discussion of these results and plans for future effort.
METHODOLOGY
After some preliminary definitions, implementation details and the techniques used for each part of the simulation will be presented. Then these pieces will be illustrated working together to produce example field distributions at the target plane.
Definitions
Atmospheric turbulence and its effects can be quantified with various tools, a few of these will be introduced now.
The refractive index structure parameter constant, C�, quantifies the local turbulence strength by scaling the spatial power spectrum of the refractive index. A modified von Karman spectrum with a 1 cm inner scale and 100 m outer scale are used throughout this work. [5] The Fried parameter, ro, also called the atmospheric coherence width, characterizes the lateral separation at which points in a light beam become poorly correlated. [6] Intensity variations across a laser beam can be characterized by the log amplitude variance, (J� , of the light field. This quantity is computed just as it is named: the variance of the real-part of the logarithm of the complex-valued light field. For a spherical wave, ro and (J� can be computed from C; as [5] :
where k = 27r / A. In these simulations, the wavelength, A , is 1.07 11m and Liz is 10 km. The spherical-wave versions of these relationships are appropriate here for both the laser beam, which we endeavor to focus on the target, and the light scattered from the target, which spreads widely as it travels back towards the source. The simulations conducted here used a constant level of turbulence along this path, so choosing any one of C; , ro , and (J� allows the other two to be computed. This work will mostly use ro , sw to quantify the turbulence present.
Turbulence can be called deep when it is strong enough to cause substantial intensity variations or scintillation in a laser beam. One definition has the strong fluctuation regime as where the log-amplitude variance of the beam is much greater than 14. [5] That is:
This requirement is adequately satisfied, perhaps incidentally, in this study where the goal was to investigate turbulence strong enough to interfere with the formation of a beacon at the target.
The performance measure used here in most places will be the Strehl ratio. The Strehl ratio is defined as the maximum intensity obtained at the target plane in a simulation divided by the maximum intensity that would have been obtained from a perfect source in the absence of turbulence. This measure might be more appropriately called the peak Strehl ratio, since ordinarily the Strehl ratio is based on the intensity measured on-axis. [5, 6, 7] Implementation details This effort studied a 127 element coherent laser array. The sub-apertures were arranged in a hexagonal pattern with each sub-aperture uniformly illuminated. The array simulated was sized to fit within a 32 cm circle with 30 cm devoted to aperture and 2 cm given to the gutters between elements across a long diagonal. This choice was made to keep the geometry similar to a 6 element array which was studied earlier. [4] In the present case, this results in 2.3 cm diameter sub-apertures placed on about 2.5 cm centers. The cases simulated here are all for a 10 km range, which is considered a tactically interesting distance, reasonably possible for a variety of engagements. A constant level of atmospheric turbulence was simulated between the array and target planes, and this level was adjusted to achieve the desired value for the Fried Parameter (ro) for each simulation run. The simulated laser wavelength was 1.07 11m. Since non-linear effects like thermal blooming are not included in this simulation, the absolute amount of laser power simulated is meaningless; results are presented as proportional quantities.
To adequately sample this array and accurately and efficiently simulate the propagation, a 512 by 512 element grid with 2.5 mm sample spacing was chosen. This grid spacing was held constant along the propagation path for this simulations conducted here. The pixels of this grid are clearly visible on Fig. 1 which illustrates the laser array within the central region of this grid. The sub-apertures compute to be 9.2 samples wide, and as implemented the average sub-aperture contains 67 sample points, with a high of 69 and a low of 65. The beam was propagated in 500 m steps from the source to the target plane, except the first and last steps which were 250 m each; this allowed the 20 phase screens used along the path to each be in the middle of a 500 m segment. The diffraction limit (RAID) is 3.3 cm for this 10 km propagation (where D is taken as the 32 cm enclosing circle at the array plane, resulting in the smallest diffraction limit which is relevant here). The target plane is thus also well sampled on this grid. An angular spectrwn method Fresnel propagator was used to compute the laser field at each intermediate plane based upon the previous plane. [5] This method is also called the Fresnel Transfer Function Approach. [7] Each propagation consists of multiplications by phase terms and two fast Fourier Transforms (FFTs). To adequately sample the phase terms the propagation geometry needs to be arranged so:
where N is the number of samples on a side (5 12), A is the wavelength (l.07 11m), !!.z is the propagation distance per step (500 m), and t3 is the sample spacing (2.5 mm). For this simulation, the grid is over sampled, since the above equation recommends N be at least 269 and 512 points are used on a side. In fact 512 is the smallest power of two larger than 269, which helps speed up the computation of the FFTs. For the shorter partial propagations at each end of the path, this criterion shows the grid is even more well oversampled. The entire propagation however is mathematically equivalent to the 21 partial propagations used to create the entire path and thus the whole length would be seriously undersampled if nothing further were done. To prevent the aliasing which would be caused by this effect absorbing boundary conditions are used at each intermediate plane. A smooth taper based on a half cycle of a sinusoid is used to create these absorbing boundary conditions, starting one-eighth of the way from each edge and reaching zero on the edge. These simulations were created with Mathematica.
Vacuum Propagation
Further results will be compared to the diffraction-limited results of a vacuum propagation. This is obtained by turning off the turbulence, but otherwise using the same propagation code. The result from this propagation is shown in Fig. 2 . These results show the grid used captures the far-field pattern well. The first set of sidelobes are captured nicely by this grid, although the absorbing boundary conditions are just starting to show their presence at this point. The absence of ringing on Fig. 2b beyond the largest sidelobes is possibly due to these boundary conditions. When absorbing boundary conditions aren't used aliasing becomes quite apparent. 
Phase Screens
Turbulence in the atmosphere distorts laser beams due to tiny differences in refractive index between different parcels of air. These differences are mostly attributed to small temperature changes. In this simulation, these refractive index variations are lumped into a discrete number of phase screens; the simulations discussed here use 20. These screens are generated by filtering complex Gaussian white noise to achieve screens with the desired refractive index power spectrum. This approach is far from perfect, and it is well known to get some relatively big things wrong, but these issues aren't of great importance to this simulation. Most particularly, this Fourier Transform approach doesn't give a statistically correct global tilt, since tilt involves spatial frequencies lower than one per total grid size, and one per total grid size is the lowest non-zero frequency a Fourier Transform contains. In fact, since the Fourier Transfonn approach gives results which wrap around smoothly, the global tilt on screens generated with this 3 method is almost necessarily zero. While sub-harmonics could be added to make the phase screens used here more statistically correct, the tilt part raises the risk that the laser beam would be steered off the grid, necessitating a larger grid for little benefit gained. The power spectrum chosen for use here is the modified von Karman power spectrum. [6] Example phase screens as used here are illustrated on Fig. 3 .
Simulating a Point Source
Atmospheric turbulence may be compensated by using a beacon from the target to measure the effects of the turbulence and then apply the appropriate correction to the outgoing phased array beam. The ideal beacon would be a point source located at a selected aim-point on the target, and that is approximately what will be simulated here. A single pixel point source however would alias badly if propagated through this model and would not provide an accurate model of real results. A single pixel point source causes diffraction which spreads out fast enough to miss the baffles created by the absorbing boundary conditions. To deal with this issue, a simulated point source is created that has a [mite spatial extent. By making the point source small Figure 3 a enough that its diffraction limit still over fills the phased array, but not so large that light escapes from the edges of the grid, good results can be obtained. Since the point source's diffraction limit needs to over fill the telescope, this point source must be smaller than the array's diffraction limit, and thus it appears to be a point source to the phased array system. The point source simulator used here is a two dimensional sinc function (i.e. sin(x)/x) multiplied by a Gaussian envelope and focused on the telescope (from the target). This produces, at least in the vacuum, a (nearly) uniformly illuminated square, well overfilling the telescope, and tapering to zero smoothly before reaching the absorbing boundary. The Gaussian envelope in the source plane becomes a convolution by a Gaussian at the far field destination plane and this provides the smooth ro II-off at the edges. Fig. 4 illustrates the simulated point source and its field as vacuum propagated to the array plane. The sinc function was chosen to have a width of l.7 cm from peak to its first zero (half the array diffraction limit), and the Gaussian envelope was chosen to have a standard deviation of 16 cm to provide good smoothing in both the telescope and target planes. 
Simulating Rough Surface Scatter
Light scattered from a rough surface can be simulated by completely scrambling the phase of the field reflected from each point on the surface. If used alone, this approach encounters the same difficulty discussed above for a single pixel point source, namely severe aliasing. The solution is essentially the same as that given above as well, to replace each point on the surface with a patch of finite extent and to only propagate the portion of the light which is headed back to an area enclosing the laser array. Mathematically this is accomplished by first scrambling the phase of the scattered light then convolving this result with the point source given above, and then finally multiplying this result by a quadratic phase term to focus this scattered light onto the array plane. The point source used in the convolution is the same sinc Gaussian product described above, the phase term, which is also the same as in the previous section, needs to be added last to make the scatter from each part of the target plane overlap on the array plane. This procedure results in a speckled effective source plane at the target. This speckled pattern is the same as the image of the target plane a telescope would obtain if the telescope aperture were the size of the illuminated area at the array plane. Figure 5 shows the results from this procedure for the case where the 127 element array described above is scattered from a rough target. It can be seen that speckle alone is enough to move some light out of the smooth square as seen in Fig. 4 b. The laser array itself is only as wide as a quarter of the whole grid, so it sits well inside the scattered light pattern seen in Fig. 5 b; this is as desired to prevent edge effects from corrupting the scatter which will be measured at the array and will be further discussed in the next section.
RESULTS
The simulations presented here compare four different scenarios for the same laser array. These cases are (1) uncompensated, (2) compensated with a perfect beacon, (3) one-pass compensated with a self created beacon, and (4) many-pass compensated with a self created beacon. At least one example for each of these cases is given in this section. Quite a few more cases need to be run to have statistical confidence in any trends observed.
Uncompensated Propagation
The first case is uncompensated propagation; the laser array is in phase at the source plane, and focused at the target 5 plane. Fig. 6 shows the amplitude pattern obtained for a single instance of propagation through constant turbulence with the turbulence set so ro,sw is 4.5 cm, where ro,sw is the value of ro which would be computed for spherical wave propagation through this turbulence. The spherical wave log-amplitude variance «(j"�"w ) is computed to be 0.68 for these conditions. The value of ro for plane wave propagation, ro,pw, is 2.5 cm here, but this value is of little meaning in this simulation where the beams of interest are better considered as spherical waves emanating or focusing on the target.
Compensated Propagation
The second case is piston compensated propagation, presuming a perfect beacon. This procedure runs as follows: fust, a simulated point source is propagated through discrete phase screens representing the desired turbulence to the telescope plane; at the telescope plane the average phase of the point source is computed over each sub-aperture; next, the conjugate of this computed average phase is applied to the sub-apertures, this amounts to correcting just the piston portion of the phase error on each sub-aperture; finally, this compensated field is propagated through the phase screens back to the target plane where the results can be studied. An example of this case is shown on Fig. 7 . This case is examined in greater detail in the literature. [8, 9 , 10] 
One-Pass SelJCompensated Propagation
The third case is one-pass piston compensated propagation, using a self created beacon. This case is computed as follows: first, the array is focused at the target and propagated through the turbulence to the target plane. The field at the target plane would be the same as the example given as Fig 6. This field is then scattered from the presumed rough target as described above in section 2.5. This scattered field is propagated back through the phase screens to the telescope plane. Back at the telescope plane, this case now proceeds as the compensated case. The average phase is computed over each sub-aperture and the conjugate of this is applied to the sub-apertures and retransmitted to the target. An example of this case is shown on Fig. 8 . It is typically the case that this one-pass compensation technique performs more poorly than the uncompensated case.
The rough surface scattering alone is enough to degrade the performance of this technique. Fig. 9 shows an example of results for this case with no turbulence. Speckle in the return is responsible for all the degradation observed in the compensated beam. For this particular example, it appears that the speckled return placed a branch point near the center of the array, and this resulted in the branch point (circulatory phase) seen inside the main lobe on Fig. 8 a.
Running this case twice more didn't happen to reproduce such a result. The peak amplitude is 70% of the vacuum uncompensated case, and the peak intensity, or peak Strehl ratio, is 50% of the vacuum uncompensated case.
Multi-Pass SelJCompensated Propagation
The final case is multi-pass piston compensated propagation, using a self created beacon. In this case the scattered field from one iteration of the procedure given above is used as the beacon to re-compensate the beam and this process is continued until convergence or an arbitrary cycle limit is hit. Fig. 10 illustrates an example of this case. It is typically the case here that the peak value in the field drifts away from the center of the array; that is quite apparent on Fig. lOin this example. It is also typical the peak Strehl ratio is comparable to the result obtained with a perfect beacon, at least with the level of turbulence simulated here. It must be noted that the limited fidelity of the phase screen generator used, as discussed in the phase 7 screens section above, make it likely the peak shifts seen here underestimate the truth. Fig. 11 shows a comparison of the intensity on target between the first uncompensated beam transmitted to the target and the final result after 100 iterations. The results aren't changing much between iterations at this point. The shift of the beam away from the center is quite apparent on both these plots. Fig. 12 shows the Strehl Ratio as a function of iteration number for the example case above. Usually this procedure converges within 20 cycles or so for the turbulence level used here. Oscillation like that seen on the right of Fig. 11 is almost always present in some form, and some degree of overshoot (as seen near iteration 7) is often present as well. 
CONCLUSIONS

Discussion of results
It is seen in the results presented above that the laser system as simulated here is capable of creating a beacon, and using this beacon to increase the intensity delivered on target. To further explore this approach, the level of turbulence was raised so ro,sw decreased to 2.5 cm then 200 separate cases were run for 50 iterations each. At this level of turbulence the log-amplitude variance «(J x 2 ) was 1.80 which is indicative of fairly deep turbulence. Fig 13 shows .. Looking at the improvement of individual cases, little trend is seen. Fig. 14 is a scatter plot comparing the initial uncompensated Strehl Ratio and the final Strehl Ratio (after 50 iterations) for each of the 200 realizations simulated. The initial average Strehl Ratio was 0. 133, and the final average Strehl Ratio was 0.287, meaning that this approach more than doubled the peak on-target intensity. After just one iteration of this procedure, the average Strehl Ratio was 0. 129, just slightly below the uncompensated case.
Future Work
This effort suggests many directions for future research. The 200 cases simulated here is a single design point, and it would be interesting to vary a number of the parameters involved. The value of this technique as a function of the degree of turbulence is one of the first topics planned for further exploration. Also, a constant level of turbulence along the path was simulated here, and it would be valuable to change this so ro and (J x 2 could be varied independently.
Other possible next-steps include limiting the size of the target surface, allowing the target surface, or the atmosphere to vary with time, and adding sub-aperture tilt compensation to the simulation. The overshoot on Fig. 12 is very interesting, and appears to be worth deeper exploration. The number of cases studied here is quite small, and rwming many more cases to better quantify the utility of this technique is an easy next step. 
